An on-chip thin-film palladium hydride reference electrode is described for use with microfluidic electrochemical cells. A Pd electrode fabricated by photolithographic methods is charged with hydrogen in-situ with a simple current step technique. The placement of the reference electrode in a side channel means that it is unaffected by species in the main channel. Placement upstream of the working and sense electrodes is shown to be a significant improvement over cells with the reference electrode placed externally. The adverse effects of solution resistance are investigated quantitatively, and it is shown that the described configuration allows for high current experiments while maintaining accurate potential measurement. A simple formula for calculating the maximum current density for a certain cell geometry and electrolyte resistivity is presented.
Introduction
Microfluidic devices have the potential to be a valuable addition to the electrochemistry toolbox. Key advantages include highly controllable and well described convective mass transport conditions, the ability to work with electrolyte volumes below 1 mL, and the ability to rapidly switch the electrolyte using microchannels with multiple inlets. The cells can be designed to include several downstream electrodes for detection of soluble reaction products and intermediates. Microfluidic cells can be rapidly prototyped using photolithography and metal evaporation techniques, supporting cell designs with micron-level precision, and multiple electrodes of different composition. Deposition of catalyst particles on the microelectrodes is also possible, enabling the study of electrocatalytic reactions in these kinds of cells.
Applications of electrochemical microfluidic devices include biosensors [1] [2] [3] [4] , membraneless fuel cells [5] [6] [7] [8] [9] , velocimetry [10, 11] , electrosynthesis [12] [13] [14] , water treatment [15, 16] , fuel reformers [17] , CO 2 conversion [18] and investigation of electrocatalysts [19] .
Electrochemical experiments require a reference electrode to reliably measure electrode potentials. Using a reference electrode in a three-electrode setup allows for the study of processes at the working electrode without the influence of the reaction at the counter electrode [e.g. 20] . Traditional reference electrodes, such as the saturated calomel electrode, the Ag/AgCl electrode [19, 21, 22] or the hydrogen reference electrode, are very large compared to the cell, and need to be placed in an external chamber, typically downstream of the electrodes in the channel. It is important that the counter electrode is situated downstream of the working electrode to avoid the processes taking place there influencing the concentration of species at the working electrode. This configuration is the source of an inaccuracy in the measurement of working electrode potentials due to uncompensated solution resistance. Moreover, external reference electrodes negate some of the attractive features of a fully integrated lab-on-chip device.
Integrated pseudo reference electrodes [23] based on gold [24, 25] or Ag/AgCl [26] [27] [28] [29] [30] have been used in lab-onchip devices, but reporting potential measurements against these electrodes is problematic, as they are not based on thermodynamic equilibrium [31] , or they are not separated from the sample electrolyte. Some successful implementations of stable integrated Ag/AgCl reference electrodes have been made, using laminar flow [32] or a nanochannel [33] in order to separate the sample electrolyte from the reference electrolyte while maintaining electrical contact. When working with platinum or gold electrodes however, it is advisable to avoid the presence of chloride ions due to adsorption and anodic corrosion of the electrode [34] [35] [36] . A certain constant amount of Cl -ions is necessary to maintain a thermodynamically stable reference potential, and concentrations down to 10 ppm [37] can be harmful, especially to nanoparticle catalysts. Thomas et al. [38] demonstrated several thin film metal/metal ion refer-ence electrodes with non-electroactive anions. Integrated reference electrodes can also be based on a reversible redox couple in solution [10, 39] , but these will both be affected by, and affect the measurement of other species in the solution. A more extensive review of the most common microfabricated reference electrodes can be found in Shinwari et al. [40] .
One of the experimental challenges with performing electrochemical measurements in microfluidic cells, and the topic of this paper, is the effect of solution resistance caused by the restricted volume of the microchannel. This can create large potential gradients in the microchannel when a current flows, which imposes severe limitations to the currents that can be applied to electrodes in the microchannel without losing accuracy in the measured electrode potentials. The main focus of electrochemical microfluidics has been low-current or single electrode sensing applications [1, [41] [42] [43] , where the potential distribution, or even the electrode potential itself, is subordinate. Currents up to tens of nanoamperes typically cause potential shifts of less than a millivolt [19] in a microchannel. For a typical experimental setup, using a 1 mm x 50 µm channel and 0.1 M sulfuric acid as the electrolyte, the channel resistance per unit length becomes 43 kW cm =1 at 20
• C (data from [44] ). This is manageable for currents up to tens of nanoamperes, but for currents on the scale of microamperes, which is relevant for many electrochemical reactions, the potential distribution and reference electrode placement must be considered in order to report accurate electrode potentials. Knowledge and control of the potential distribution also gives a higher degree of flexibility in cell design and choice of supporting electrolytes.
In standard electrochemical cells the reference electrode is placed as close in the potential field to the working electrode as possible, for instance using a Luggin capillary, in order to minimize the uncompensated solution resistance R s [45] . In a microfluidic cell with an external reference electrode, R s becomes the full resistance between the working and counter electrodes, instead of just a fraction of it. Significant shifts in the potential sensed by the reference electrode can occur when current flows between the working and counter electrodes.
Problems with uncompensated solution resistance are compounded when working with multiple electrodes in the same microchannel, for instance using a downstream sense electrode to detect the products of the working electrode. The current through one of the electrodes will influence the solution potential above the other electrodes. This influence has been described for microchannels with external reference electrodes [21, 46, 47] at various electrode distances, and must be accounted for to be able to report accurate potential measurements.
The internal palladium hydride reference electrode is a possible alternative to using traditional reference electrodes. Palladium can incorporate large amounts of hydrogen as a palladium hydride alloy, with an α-phase at mole fractions up to 0.017, and a mix of α and β (or α ) phase up to a fraction of 0.58 at room temperature [48] .
Palladium hydride electrodes generated from palladium wire have been found to hold a stable potential at 50 mV against a hydrogen reference electrode at the same pH [49] . This potential is generally attributed to the α-β phase transition of the PdH alloy [50] . As this reference electrode only requires a palladium metal electrode which can be charged in situ, it is relatively simple to fabricate by the same photolithographic method as the rest of the microfluidic cell, and it can easily be integrated in the cell upstream of the working electrode. One of the main concerns with the PdH reference electrode is the period of stable potential, as the alloy loses hydrogen to the electrolyte.
Imokawa et al. [51] reported fabrication and application of nanostructured PdH microelectrodes with lifetimes of 1-3 hours in deaerated solutions. Webster and Goluch [4] reported a microfabricated PdH reference electrode in a nanochannel, that was stable for up to 1 hour. In both these cases, an external reference electrode was used to load the Pd structure with hydrogen.
In this work we present a microfluidic electrochemical cell with an internal palladium hydride reference electrode placed in a side channel upstream of the working electrode. This configuration proves to be a significant improvement over cells with external reference electrodes, allowing for higher-current electrochemical experiments to be performed in the microchannel. The reference electrode design has the advantages over previous PdH electrodes that it is not in the working fluid, it can be charged without an external reference electrode, and it is stable for at least 5 hours.
Experimental

Device fabrication
The fabrication of microfluidic flow cells was performed by photolithography and metal evaporation techniques at the NorFab NanoLab cleanroom facilities at NTNU. A liftoff lithography process was performed twice to produce electrodes of platinum and palladium on the same glass slide. The detailed fabrication recipe is provided in the supplementary information.
The cells were assembled from a glass slide with the electrodes and a PDMS slab with a 1 mm wide and 90 µm high microchannel. Device assembly is relatively simple and does not require extreme precision in aligning the PDMS slab on top of the electrode assembly. The electrodes were deposited by electron beam evaporation, with a thickness of 190 nm on top of a 10 nm Ti adhesion layer.
The electrode slide includes a palladium reference electrode (REF), platinum working (WE) and counter electrodes (CE), and a platinum sense electrode (SE) with varying distance to the working electrode. Figure 1 shows the cell design, along with an image of a fully assembled cell and a microscope image of electrodes of the same cell.
The edge-to-edge distance between the working and sense electrodes are defined as d. Four different cells were used, with the WE-SE gaps 100, 300, 500 and 700 µm. The typical distance from the working electrode to the internal reference electrode is 5 mm and the distance to the outlet chamber is approximately 10 mm, as can be seen from figure 1a, though this can vary slightly with the alignment of the channel slab.
Electrochemical measurements
Electrochemical experiments were performed in a 50 mM phosphate buffer electrolyte (H 3 PO 4 and Na 2 HPO 4 ), with 0.1 M Na 2 SO 4 supporting electrolyte (all Sigma Aldrich). The buffer solution was calculated and measured to be pH 3.0. Half-wave potentials were recorded in 1 mM tris(2,2-bipyridyl)dichlororuthenium(II) hexahydrate (Sigma Aldrich) in the buffer electrolyte, the electroactive species being Ru(bpy) 2+ 3 . Electrolyte solutions were purged with Ar gas for at least 20 minutes before being filled into the syringe.
Assembled cells were dried and stored in a glovebox (<4 ppm O 2 ) for at least a day before use, in order to remove oxygen from the PDMS. The cells were then kept in a plastic box under N 2 gas during the experiment. Glass syringes with PTFE plungers (1000 LT, Hamilton) were used when the electrolyte had to be kept oxygen free, e.g. for the reference channel inlet, otherwise disposable plastic syringes (HSW GMBH) were used.
A syringe pump (Pump 11 Pico Plus Elite, Harvard Apparatus) was used to control electrolyte flow through the main channel inlet. The reference side channel was kept stagnant during measurement, and regularly flushed with clean electrolyte. Electrochemical measurements were performed using a Biologic VMP3 potentiostat, with two channels connected to common counter and reference electrodes.
The PdH reference electrode (REF) was charged at a constant current of =5 µA (=0.5 mA cm =2 ) for at least 5 minutes, then left to stabilize at open circuit for at least 30 minutes. All potentials in this paper are quoted versus this internal reference electrode, unless otherwise specified. For measurements against an external reference electrode, a reversible hydrogen electrode was placed in an external chamber at the electrolyte outlet, in the same electrolyte as the rest of the system.
After the reference stabilization period, the Pt electrodes were cycled at between 0 and 1.5 V at 500 mV s =1
in the buffer electrolyte for at least 30 cycles or until the voltammograms were stable, in order to clean the electrode.
The potential distribution in the microchannel was probed by measuring the half-wave potential E1 /2 of the oxidation of Ru(bpy) 2+ 3 at constant flow rate, at the SE, while a current step technique was performed at the WE. Both the WE and SE was cycled at 100 mV s =1 between 1.0 and 1.5 V to stabilize platinum oxide on the surface. The mass transport limited current for the oxidation of Ru(bpy) 2+ 3 , I lim , for the appropriate flow rate, was estimated from the maximum current when the potential cycling at the WE gave stable voltammograms. The half-wave potential shift was measured by cycling the SE at 100 mV s =1 from 1.0 to 1.5 V for 12 cycles, while current steps were applied to the WE. These techniques were linked so that the current steps on the working electrode were synchronized with the lower vertex points of the potential cycles on the SE, see figure 2. The SE was cycled several times per current step on the WE: first two initial cycles at open circuit, then four at a conditioning current I pre , four at high current (I pre + I step ), then two cycles at open circuit at the end. The magnitude of the step from the conditioning current to high current is defined as I step . This was repeated for increasing values of I step , up to 100 µA. The conditioning current I pre was chosen to be slightly higher than the estimated limiting current, in order to ensure that the concentration ratio c Ru(bpy) 2+ 3 /c Ru(bpy) 3+ 3 was constant over the high-current step. The half wave potentials were measured from the cycles directly before and after the high-current step, and the other cycles were used to validate the experiment, as the measurement was only considered valid if the voltammograms for each step were stable for all the cycles.
Results and discussion
The internal PdH reference electrode
The internal PdH reference electrode was generated insitu from the Pd thin film electrode at the start of the experiment. As the electrode is charged at a constant current, no external reference electrode is required, and the process can even be monitored using a downstream electrode to measure hydrogen gas, as is discussed below. The reference electrode can be generated with or without flow, though it is recommended to occasionally flush the channel to remove trapped hydrogen gas. Measurements of the PdH electrode potentials during and after charging were performed using an external reversible hydrogen reference electrode (RHE) in the same electrolyte.
The potential of the PdH electrode was found to drift during the first 30 minutes after charging, before reaching a stable potential. When measured against the RHE, the stable potential of the thin-film PdH reference electrode was (75 ± 5) mV. Figure 3b shows the continuous measurement of the electrode potential, with a stable period of 5 hours in a thoroughly deaerated cell.
In cells with no external reference, the PdH reference electrode was stable for up to 8 hours after charging, as inferred from hydrogen adsorption and desorption potentials at platinum. This PdH stability is difficult to demonstrate directly in cells with an external reference owing to practical complications in connection with the latter.
The potential of the reference electrode drifted by 1-2 mV h =1 over the operation period. The stability of the reference electrode was found to be very sensitive to the concentration of dissolved oxygen in the reference electrolyte. With the cell outside of the nitrogen-purged box, the PdH reference discharged within 15 minutes. For a moderately deaerated cell, i.e. a cell kept in an N 2 -atmosphere for ∼4 hours, the potential typically remained stable for 2 hours. Figure 3a shows the charging potential of a PdH electrode, with potentials measured against a reversible hydrogen electrode placed in a chamber at the electrolyte outlet. The potential during charging goes through two plateaux, most clearly seen in the logarithmic plot. The first lasts 10 s, and corresponds to the formation of the α phase (low H solubility), and the second corresponds to the formation of the β phase (high H solubility).
Visually, the palladium-hydrogen alloy had a darker tint than the parts of the electrode not exposed to electrolyte. The electrode returned to its normal color after being depleted of hydrogen during the experiments, and no visible changes or damage to the electrode were observed even after multiple charging cycles. As long as the faradaic processes at the palladium electrode were controlled, the reusability of the reference electrode was excellent. One palladium electrode was charged and discharged 15 times without measurable damage. The charge passed during 300 s at =5 µA is 1.5 mC, surpassing the calculated theoretical charge of 1.2 mC required to reach the pure β-phase in the exposed part of the Pd electrode. Based on this, we assume that the exposed part of the thin-film electrode is mostly converted to β phase PdH alloy during the charging. Whether more hydrogen is absorbed into the alloy beyond this point can not be discerned from this experiment. No adverse effects of charging the reference for longer than 300 s were observed in practice, and the time required for potential stabilization was similar whether the charging was aborted at 300 s or continued to 600 s. Charging for shorter times led to shorter or absent stable potential periods.
One drawback with the thin-film PdH reference electrode was an increased pickup of electromagnetic noise compared to an external reference electrode. This was solved by operating the cell in a grounded Faraday cage.
The PdH reference electrode is reliable as long as certain precautions are taken. Firstly, the potential of the electrode will drift by about 1 mV h =1 as the PdH β phase is depleted of hydrogen, and up to 5 mV h =1 towards the end of the lifetime. This must be taken into account when reporting potentials against this reference. If possible, a known potential should be used to verify the reference potential and check the drift, for instance before and after the measurement. This could be towards an external reference electrode, a known electrochemical couple, or the hydrogen adsorption peaks of a clean Pt electrode.
Secondly, the pH of the reference electrolyte should be constant. During longer experiments it is possible that the species in the main electrolyte channel diffuse into the reference channel, even if it is kept stagnant. It is advisable to use the same electrolyte, or at least have the same pH in the main and reference electrolyte.
Third and finally, the absence of oxygen is very important to the stability of the reference. Electrolytes must be purged with inert gas before measurements, and it is advisable to use glass syringes to keep the electrolyte deaerated during the experiments. PDMS is oxygen permeable, so the cell should be kept under inert atmosphere before and during the experiment. A short exposure to air when transferring the cell from storage to the experimental setup did not seem to have a measurable effect, but having the cell exposed to air for longer periods eventually introduced oxygen into the electrolyte.
Compared to other integrated reference electrodes for microfluidic cells, the main advantage of this reference electrode is the simplicity of the cell design and operation. The lifetime of a single charge is long enough for many continuous electrochemical experiments, and the ability to recharge the reference electrode in-situ sets it apart from other electrodes. The stability of integrated Ag/AgCl reference electrodes varies with the complexity of the design and fabrication. Simple electrodes of similar dimensions fabricated by thin film methods show similar or lower stability than this one [40] . This is due to the limited amount of Ag and AgCl making the electrode vulnerable to dissolution. Higher stability has been achieved by employing additional fabrication steps such as electroplating [26] to increase the amount of available silver, or coating the electrode with a polymer [28] or KCl-gel [30] to inhibit dissolution. In any case, an ion-conductive barrier would be required to avoid contamination of the working electrolyte, as the Ag/AgCl electrode is typically operated in Cl -concentrations above 0.1 M. The non-contaminating reference electrolyte for the PdH electrode allows for a simpler cell design.
The effect of solution resistance and reference electrode placement on a single electrode in a microchannel
With a fully functional integrated reference electrode, the effects of reference electrode placement and potential distribution on the measurement of electrode potentials in the microchannel can be investigated. This section describes the effects on a single electrode, comparing the integrated (upstream) reference electrode with an external (downstream) one.
The peak separation of strong hydrogen adsorption and desorption peaks was analyzed by cyclic voltammetry at 500 mV s =1 (Figure 5 ), first using an external reversible hydrogen electrode placed in an outlet chamber, and then with the internal PdH reference electrode. The peak separation was 53 mV when using the external reference electrode, and 7 mV when using the internal one.
These hydrogen adsorption and desorption peaks are characteristic features of platinum voltammograms. Ideally, there should be no peak separation [45] . The peak separation observed here is due to uncompensated solution resistance. This shows that even when performing electrochemical measurements on a single electrode, the effects of solution resistance and reference electrode placement in a microchannel can be significant.
These adsorption and desorption currents are small compared to the currents for the electrocatalytic reactions typically studied using these electrodes, and higher currents lead to larger potential shifts. This clearly shows that the configuration with the internal reference electrode is better suited for higher current experiments.
The effect of solution resistance on multiple electrodes in a microchannel
When working with multiple electrodes in a microchannel, the situation becomes more complicated, as the currents at one electrode may influence the solution potentials at other electrodes in the channel. By moving the reference electrode upstream of the WE this is simplified, as the current on the SE should not influence the potential at the WE in this configuration. The current applied to the WE, however, will influence the potential at the SE or any additional electrodes downstream, and the magnitude of this influence will be quantified in this section. Figure 6 illustrates the expected potential distribution in the channel with currents flowing through the electrodes. This is derived from a simple equivalent electrical circuit for the microfluidic cell, where electrode width is not considered. An anodic current through the WE, with CE as the counter electrode, is expected to shift the solution potential Φ sol above the SE to lower potentials with a magnitude of I WE × R s .
The shift in the solution potential above the SE was measured using the half-wave potential E1 /2 of the oxidation reaction of Ru(bpy) 2+ 3 , while oxygen was produced at the WE upstream. This redox system was chosen due to its stability, fast charge transfer, and that the redox potential can be fixed between the potentials for oxygen evolution and reduction on Pt by choosing the right pH. The voltammograms for this system at the flow rates used in this section are shown in figure 7a.
At any potential where H 2 O is oxidized, the WE will also oxidize Ru(bpy) 2+ 3 , so it was necessary to take both oxidation reactions into consideration when performing the current step. To account for this, the half wave potential was measured at the SE, first with the WE at a conditioning current (I pre ) slightly above the mass transport limited current of Ru(bpy) 2+ 3 , then again at a higher current with significant oxygen evolution. This ensures that the ratio of c Ru(bpy) Cyclic voltammetry at the SE at different parts of the current steps on the WE (n is the cycle number); n=2 and n=12 are with WE at open circuit (and overlap completely), n=6 and n=7 are with the WE at the conditioning and high current steps. The half-wave potential shift is measured from the 6th and 7th cycles. The inset illustrates the current at the WE at the different cycles at the SE. The flow rate is 50 µL min =1 and the electrode gap d is 300 µm. (1) will be constant over the current step, consequently the only difference between the voltammogram before and after the current step is the shift in solution potential Φ sol . Figure 7b shows the response in the voltammogram at the SE to the different chronoamperometry steps at the WE, and confirms that the method used is suitable for probing the solution potential. For n = 2 and n = 12, corresponding to I WE = 0 before and after the experiment, there is complete overlap. The step from open circuit to diffusion limited current shifts the current of the voltammogram cathodically. The step from I pre to higher current shifts the voltammogram to lower potentials, as is expected for anodic currents through the WE. The total current during the high-current step is I pre +I step . The experiment was repeated for a range of current steps, at flow rates of 0.5, 5 and 50 µL min =1 . Only the results recorded at 50 µL min =1 were used in the calculations, as the applicable oxygen evolution current was limited at lower flow rates due to accumulation of oxygen gas in the channel. Figure 8b shows the same voltammograms corrected by the measured half-wave potential shift. The forward scans overlap closely, verifying that the potential shift is the only difference between the voltammograms. Figure 8b also shows a cathodic current at potentials below 1.2 V, corresponding to the reduction of oxygen gas produced at the WE. This current increases along with I step , and was especially prominent at lower flow rates. When performing the same experiment in 0.1 M sulfuric acid, the potential ranges for reduction of O 2 and oxidation of Ru(bpy) 2+ 3 overlap making measurement of the half-wave potential shift impossible. In the pH 3 buffer solution, the processes that depend on the proton concentration, including the oxygen evolution as well as the PdH reference, are shifted to lower potentials so they don't overlap with Ru(bpy) 2+ 3 oxidation. Figures 9a and b show the half-wave potential shifts measured for increasing I step for all flow rates, and for 50 µL min =1 only. Figure 9c shows the data for all 4 cells, at 50 µL min =1 . The dashed lines are linear fits calculated by a robust (bisquare) linear least squares method. The bisquare method weights the data points closest to the fit heavier than the outliers. The slope of this line is R s in
Most of the data points follow the linear fit closely, though a few measurements deviate to a larger shift than expected. This is due to oxygen bubbles of significant sizes beginning to form and block parts of the channel, effectively increasing the solution resistance. At high anodic currents the oxygen evolution is significant enough to form visible gas bubbles in the channel and in the outlet tubing. This is exaggerated at higher electrode spacing and lower flow rates, and sets an upper limit to the I step in this experiments. This gradual resistance increase could be seen by comparing the subsequent CV cycles after the current step, as the voltammogram continued to shift further to lower potentials even while I step remained constant. Consequently, the potential shift was only taken into consideration if it was stable over the 4 cycles. The channel was periodically flushed with short bursts at high flow rate to remove residual oxygen bubbles from the channel.
In figure 9d R s , as found from the slopes in figure 9c , is plotted against the electrode spacing d. Only 50 µL min =1 data was used in the calculation, though the lower flow rates fit the same calculations at low I step -values. The dashed line is an unbound linear fit calculated by a weighted LLS method, using the inverse of the 95% confidence interval from the calculation of the R s values, as the weights.
This fit intersects the d-axis at d = −93 µm. A more appropriate definition of the electrode spacing would seem to be the center-to-center distance, rather than the edge-toedge distance of the electrodes. The experimental electrolyte conductivity can be calculated from the slope of the linear fit in figure 9d and the dimensions of the microchannel:
The literature conductivity of 0.1 M Na 2 SO 4 is 15.0 mS cm =1 [44] . There is also a small contribution to the conductivity from the buffer species. While the electrode separation is very accurate in the lithography process, the channel height has been found to be not completely uniform. Variations of 5 µm in channel height are common for the SU8 channel master. This may contribute to uncertainties in predicting the solution resistance from the electrode distance and electrolyte resistivity alone, as this is dependent on the channel cross-section. The method used in this work is a more reliable method to measure the solution resistance directly.
To confirm that the potential at the WE is completely independent on the processes on the downstream electrodes, the roles of the electrodes were switched, using a cell with d = 100 µm. The half-wave potential of the oxidation of Ru(bpy) 2+ 3 was measured by cyclic voltammetry, while current steps up to =50 µA was applied to the SE. As expected, this had no effect on the potential of the reaction at the WE.
3.4.
When can the effects of potential distribution in the microchannel be neglected? From the results above, it is possible to set some limits to how large the currents at the upstream electrode can be before the shifts in the solution potential at downstream electrodes have to be considered. A potential shift tolerance ∆E max is defined as a limit below which the potential shift is considered to be negligible for the experiment. The corresponding maximum current I max at the WE then becomes:
or in terms of current density:
where: of 3.78 µA, or a current density of 3.78 mA cm =2 . For currents higher than this, potential shifts at the SE will be higher than the tolerance of 5 mV.
There are several possible methods for increasing the current density limit in electrochemical experiments. The simplest is to decrease the electrolyte resistivity by increasing the supporting electrolyte concentration. A second option is to modify the cell design, using smaller electrodes and further decreasing the electrode gaps. It should be possible to produce features down to 10 µm reliably by the lithography process used here.
Conclusion
A microfluidic cell is described with an integrated PdH reference electrode placed in a side channel upstream of the working, sense and counter electrodes situated in the main channel. The major advantage with this type of cell is that it allows for higher currents to pass through electrodes in the microchannel, while maintaining the accuracy of the measured electrode potentials. The side channel allows the reference electrode to be unaffected by the species in the main channel. In this configuration, the solution potential at one electrode is not affected by currents applied to downstream electrodes. The solution potential is affected by currents at any upstream electrodes, but this relationship is quantifiable, and it is possible to find current limits, below which this effect is negligible. This configuration is a significant improvement for electrochemical microfluidic cells, as it allows for measurements of higher currents with less inaccuracy due to potential distribution, enabling the study of electrocatalytic reactions in microfluidic cells.
For example, current densities up to 4 mA cm =2 were possible without the potential at the downstream electrode changing by more than 5 mV. It is possible to increase this by an order of magnitude using a more concentrated supporting electrolyte, or a smaller electrode.
The PdH reference electrode was generated in situ by producing hydrogen at a 190 nm thick Pd thin-film electrode, creating a palladium-hydrogen alloy which was able to sustain a reference potential of (75 ± 5) mV, measured against a reversible hydrogen electrode, for at least 5 hours, with a potential drift of around 1 mV h =1 . The electrode can be charged in a highly reproducible manner, with-out the need for an external reference electrode. The reusability of the microfluidic cells was found to be excellent, with at least 15 charge-discharge cycles possible without significant damaging effects to the thin-film electrode.
